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We propose a novel and feasible method to detect dark matter (DM) electron interaction via
pulsating white dwarfs (WDs) in the central region of globular clusters. Annihilation of the DM
particles captured by those WDs can provide additional energy source along the natural cooling
evolution of WDs and the cooling print can be well offered by precise asteroseismology. The mea-
surement of the long time scale physical quantity – the rates of period variation of pulsation modes
– could be used to constrain the cross section between DM particles and electrons (σχ,e), when DM
particle mass mχ & 5GeV. We construct estimations to prove that this original method is feasible
and can be implemented in the challenging time-series photometry in the near future.
Introduction.—Although dark matter (DM) con-
tributes to 26.8% of the total energy density of the Uni-
verse [1], the particle nature of DM remains largely un-
known. The most popular candidates are weakly inter-
acting massive particles (WIMPs) for which are currently
searched with different strategies, i.e., direct detection,
indirect detection and detection on large terrestrial col-
liders (see, e.g., [2] for reviews). The most stringent con-
straints from experiments of cross section are currently,
for proton, σχ,p . 1.1 × 10−46 cm2 at a WIMP mass of
mχ = 50GeV/ c
−2, and for electron, σχ,e < 3×10−38 cm2
at mχ = 100MeV and σχ,e < 10
−37 cm2 when 20MeV ≤
mχ ≤ 1GeV [3, 4].
An alternative search for DM probe can be upon on ce-
lestial objects, such as stars, that have huge volume and
large mass, comparing to the manual facilities. There
are some branches collaborators who had began work-
ing on: the Sun and main-sequence stars, considered the
precise properties of their interior structures from helio-
seismology and asteroseismology (see, e.g., [5–7]); and
the compact stars (i.e., white dwarfs and neutron stars),
considered their deficiency of nuclear energy source (see,
e.g., [8–11]). Nevertheless, all these attempts are at-
tracted on the interactions between WIMPs and nucleons
whose cross section (σχ,p) has been constrained below
1.1 × 10−46 cm2 by direct detection [3]. In order to en-
hance the interacting effects betweenWIMPs and nucleus
over the entire stars, a circumstance with high DM local
density is preferred, where the stars in such as galaxy
center, globular cluster and dwarf galaxy can be a rea-
sonable solution.
In this letter, we consider the hydrogen-atmosphere
pulsating white dwarf stars (WDs) in the central region
of globular clusters such as ω Cen, and focus on the DM-
electron interactions. The hydrogen-atmosphere (DA)
WDs consist of ∼ 80% WDs sample that are the ending
fates of ∼ 98% stars in the Galaxy. Precise asteroseis-
mology on DA variables (DAVs) can reveal their interior
structures and determine the secular variations of period
variation of oscillation modes spanning over long time
scales (see, e.g., [12, 13] for reviews). The secular rates
can be used to determine the evolutionary cooling rate
of WDs. However, the DM captured by WDs in a local
dense DM environment possibly affects the cooling rates
of WDs predicted by standard cooling model (SCM). In
reverse, we can use the observedWD cooling rates to con-
strain the cross section in a condition with known DM
density. Moreover, WDs are the most electron-dense ob-
jects and can be the best laboratory to measure the DM-
electron cross section (σχ,e).
The capture rate of WIMPs in WDs.—Galactic
WIMPs are inevitably streaming through any celestial
object. Those particles will loose energy when they scat-
ter with nucleons (which we did not mainly considered in
this letter) or electrons inside the celestial object, leading
their speed down. If the velocity of the WIMP reaches
below the escape velocity, the WIMP will be ”captured”,
i.e. it becomes bound to the star. Regardless of the effect
of evaporation which is not important in this letter where
we consider the WIMPs mass mχ > 5GeV [14, 15], the
evolution of the total number of WIMPs, Nχ, inside the
star (or any celestial object) can be written as,
N˙χ = Γc − 2Γa, (1)
where Γc is the particle capture rate, Γa =
1
2
CaN
2
χ is the
annihilation rate. Therefore, we have Nχ = Γcτ tanh(
t
τ )
with the equilibrium timescaletime τ =
√
1
CaΓc
. When
the dynamic equilibrium state reached, the WIMPs cap-
ture rate is balanced by the annihilation one [16], i.e.,
Γc = 2Γa.
Considering the limits that almost all WIMPs crossing
the star to be captured, the WIMP capture rate is deter-
mined by the geometrical limit piR2⋆ rather than the total
interaction cross section σχ,eNe. We thus use a effective
cross section σeff defined as
2σeff = min
[
σχ,e,
piR2⋆
Ne
]
, (2)
where Ne is the total number of electrons in the WD.
The capture rate for a Maxwell-Boltzmann WIMP ve-
locity distribution (in the observer’s frame) by a star
moving with an arbitrary velocity v∗ relative to the ob-
server is given by Gould [17], but we did some additional
simplifications as well: (i) a uniform distribution of mat-
ters in a WD: ρ∗(r) = ρ∗ = M∗/V∗ (ρ∗, M∗ and V∗ are
the density, mass and volume of a WD); (ii) the same
chemical composition over the entire scattering volume
V∗; (iii) a uniform temperature profile (calculated from
Eq. 10) in WD because of the extremely high thermal
conductivity of a electron degenerate core; (iv) as WDs
are always electrically neutral we use the value 1
2
M∗
mp
and
1
2
ρ∗
mp
as the total number of electrons (Ne) and local num-
ber density of electrons (ne) in a WD, respectively (mp
and me are the mass of proton and electron). With these
preparations, we can formulate the capture rate in a WD
as
Γc =
∫ R∗
0
dr 4pir2
dΓc(r)
dV
, (3)
where
dΓc(r)
dV
=
(
6
pi
)1/2
σeff
ρ∗
2mp
ρχ
mχ
v2(r)
v¯2
v¯
2ηA2
(4)
×
{(
A+A− − 1
2
)
[χ(−η, η)− χ(A−, A+)]
+
1
2
A+e
−A2
− − 1
2
A−e
−A2+ − 1
2
ηe−η
2
}
A2 =
3v2(r)µ
2v¯2µ2−
, A± = A± η, η2 = v
2
∗
2v¯2
χ(a, b) =
√
pi
2
[Erf(b)− Erf(a)] =
∫ b
a
dye−y
2
µ− = (µ− 1)/2, µ = mχ/me
, where mχ and ρχ are respectively the WIMP mass and
the WIMPs density at the star position. v¯ is the WIMPs’
speed dispersion of Maxwell-Boltzmann velocity distribu-
tion; the velocity of the star moving through the DM halo
or sub-halo, labeled as v∗.
The escape velocity at a given radius r inside a star is
given by
v(r) =
[
2G
∫ ∞
r
dr′
M(r′)
r′2
]1/2
=
[
GM∗
R∗
(
3− r
2
R2∗
)]1/2
,
(5)
where M(r′) denotes the total mass included in r′.
The Knudsen number, K, indicates the ”localization”
of the WIMPs transport:
K =
lχ(0)
rχ
, (6)
with lχ(0) = [σχ,e · ne(0)]−1 = [σχ,e · ne]−1 is the mean
free length in the center of the star and rχ =
√
3kTc
2πGρcmχ
is the typical scale of the DM core in the star (Tc and ρc
are the temperature and density of the star’s core).
Following Griest and Seckel [16], Scott et al. [18], Taoso
et al. [19], in the case of large K (for WDs), the WIMPs’
distribution in star can be described by
nχ(r) = nχ(0) · exp
[
−( r
rχ
)2
]
. (7)
The annihilation term can be computed by a separated
way as follows:
Γa =
∫ R∗
0
dr 4pir2 · 1
2
〈σv〉n2χ(r). (8)
The factor 1/2 (1/4) in the equation above is appropri-
ate for self (not self) conjugate particles and 〈σv〉 the
velocity-averaged annihilation cross-section.
If an equilibrium between capture and annihilation is
reached the annihilation rate reduces to Γa = 1/2Γc and
it is independent on the annihilation cross-section. With
the value of 〈σv〉 ≃ 3 × 10−26 cm3 s−1, we can impose
Γa = 1/2Γc to do the normalization and get nχ(0). Thus,
the distribution nχ(r) is specified and all the related val-
ues in this equilibrium state are known.
The rate of period variation of DAVs—The period vari-
ation of a DAV is related to two physical processes in the
star, the cooling of the star and the contraction of its
atmosphere,
P˙
P
≃ −aT˙c
Tc
+ b
R˙
R
, (9)
where P is the pulsation period for the m = 0 multiplet
component, Tc is the maximum (normally, core) temper-
ature, R is the stellar radius, and P˙ , T˙ and R˙ are the
respective temporal variation rates [12]. The constants a
and b are positive numbers of order unity.
From the structure of a WD’s envelope, we get:
T
7
2
0 = B
L/L⊙
M/M⊙
, (10)
where B ≃ 1.67×1027 is a constant and T0 is the interface
temperature between the core and envelope.
3If we use the approximation T0 ≃ Tc (for DAVs) in Eq.
10, substitute the result into Eq. 9 and ignore the mass
variation term during the cooling, we can get:
P˙
P
≃ −2a
7
L˙
L
. (11)
According to the annihilation of WIMPs in a WD, if
the equilibrium state has reached, the luminosity of the
WD should be Lobs = Lmod+Lχ, where Lobs is the total
observed luminosity of the WD, Lmod is the normal lu-
minosity in the SCM and Lχ is the luminosity purely due
to the accretion and subsequent annihilation of WIMPs.
From previous section, we get Lχ = 2 · Γamχ c2 =
Γcmχ c
2. One should note that once the equilibrium state
reached, Lχ should not change with time. As a result,
L˙obs = L˙mod. Thus, the relationships between the rate
of period variation and the luminosity should be
P˙obs
P˙mod
=
Lmod
Lmod + Lχ
, (12)
in which we imposed that the period from model calcu-
lation Pmod equals the value from observation Pobs.
The evolutionary rate of cooling of a WD depends on
the stellar mass and core composition, and can be ex-
pressed as a function of the mean atomic weight A [20–
22]
P˙mod = dP/ dt = (3− 4)× 10−15 A
14
s s−1. (13)
In this letter, we use a mean atomic weight 14, which is
consistent with the cooling rate of DAVs with a carbon-
oxygen core [23].
Estimation.—We perform our estimation in the case
that a DAV in the central region of globular cluster. Con-
sidering the DAVs G117-B15A as an example to do es-
timation, the details of its structure are determined by
asteroseismology from Romero et al. [24], Co´rsico et al.
[25], and we list in Tab. I.
Quantity Asteroseismological model
M∗/M⊙ 0.593 ± 0.007
log(R∗/R⊙) −1.882± 0.029
log(L∗/L⊙) −2.497± 0.030
MHe/M∗ 2.39 × 10
−2
MH/M∗ (1.25± 0.7) × 10
−6
XC , XO (center) 0.28
+0.22
−0.09 , 0.70
+0.09
−0.22
TABLE I. M⊙, R⊙ and L⊙ are the solar mass, radius and
luminosity; MH , MHe are the mass of element hydrogen and
helium in the star; XC and XO are the mass fractions of
element carbon and oxygen in the star.
Using Eq. 2 we got σeff ≃ 7.5 × 10−39 cm2, which is
more than an order of magnitudes lower than the current
upper limit on σχ,e (Here we assume the 10
−37 cm2 up-
per limit is also available for mχ & 5GeV). This value
implies that almost all WIMPs crossing the star are cap-
tured by WD as long as we choose σχ,e & σeff .
Imposing rχ < R∗, we get another lower limit of
WIMPs’ mass (mχ & 0.025GeV) which we considered
in this letter. Combined with the previous one, the mass
region which we considered in this letter is mχ & 5GeV.
The WIMPs local density of where the WD locates
would influence the luminosity of WIMPs’ annihilation
obviously. In order to get large WIMPs density, we
choose ω Cen (a globular cluster) to be the environment
to do the estimation. Amaro-Seoane et al. [11] has es-
timated ρχ ≃ 4 × 103GeV cm−3 near the center of ω
Cen without an intermediate-mass black hole (IMBH)
and 4× 103GeV cm−3 . ρχ . 4× 109GeV cm−3 with an
IMBH. We here choose ρχ = 4× 103GeV cm−3 to do the
estimation.
From Merritt et al. [26], van de Ven et al. [27], the
members of this cluster are orbiting the center of mass
with a peak velocity dispersion v∗ ≃ 7.9 kms−1. Near a
IMBH, where orbital motion around a single mass dom-
inates, the test particle (WIMP or star) velocities are
Keplerian, v∗ = v¯.
With the configurations above, we get the DM lumi-
nosity of the WD as Lχ ≃ 3.2 × 1030 erg s−1, which is
of the same order of Lmod ≃ 1.2 × 1030 erg s−1. As a
result, the period variation of WD should be P˙obs ≃
0.27 × P˙mod ≃ (0.81 − 1.08) × 10−15 A14 s s−1 ≃ (0.81 −
1.08) × 10−15 s s−1, which is obviously smaller than the
value from SCM [12].
With P˙mod = 3.2 × 10−15 s s−1 [25], we can present
the constraint of σχ,e by P˙obs in Fig. 1: (a) if P˙obs <
0.88 × 10−15 s s−1 (depending on the geometrical limit
of the star), it gives a lower limit to σχ,e; (b) if 0.88 ×
10−15 s s−1 ≤ P˙obs ≤ P˙mod, it gives an upper limit to σχ,e;
(c) if P˙obs > P˙mod, there should exist other unknown
cooling mechanism beyond the SCM. If we include this
new cooling mechanism into the SCM and update the
value of P˙mod, the conclusions are all available in (a) and
(b). We note that in region (b), the real constraint of
σχ,e depends on the systematics of P˙mod. In this case,
if we have more precise and reliable SEM and pulsation
model for DAVs, we could get more stringent constraint
on σχ,e theoretically.
Moreover, we got τ ≃ 8.8 yr, which is really a short
period compared with the time scale of WD’s formation
process. Thus, we can consider WDs are always in the
state of equilibrium. The total mass of WIMPs in the
WD is about 2 × 1018 g ≪ M∗, then its gravitational
effects on the WD’s interior structure can be ignored.
We also did a similar estimation for WIMPs which
captured by the DAVs G117-B15A, according to the in-
teractions with nucleus. In this case, we got Lχ ≃
1.7×1024 erg s−1 (here we choose σχ,p = 1.1×10−46 cm2),
4FIG. 1. The excluded region of σχ,e with observed value of P˙obs. Colored region with slash lines indicate the excluded region
with specific P˙obs. Colored lines indicate some important boundaries and threshold. The region P˙obs > P˙mod is not considered
in this letter, which we plot it for convenient. Note that P˙mod is the asymptotic line of the black exclusive line. Considering
the systematics of P˙mod, the exclusive line always stopped < P˙mod in real cases.
which can be ignored compared with Lχ ≃ 3.2×1030 from
electrons. Consequently, it is a reasonable assumption to
consider the WIMPs captured by interactions with elec-
trons alone.
Discussion.—In this letter we propose a novel and fea-
sible scenario to measure the DM-electron cross section,
a technique independent to the mass of DM particle if
mχ & 5GeV. The scenario is based on the assumption
that DAV stars are found in a local dense DM environ-
ment region such as the central region of globular cluster.
According to the measurement of the secular rates of the
pulsation periods in those DAVs, we can constrain the
DM-electron cross section.
At the same time, if we give a specific value of σχ,e,
in this scenario, the observed quantity P˙obs could offer
us the WIMPs local density in the position of the DAV.
Fig. 2 represents the different profiles of ρχ vs. P˙obs
with different values of σχ,e. Additionally, ensemble of
these DAVs can be used to establish the density profiles
in these regions.
From our estimation, we note that once we detect the
period variation of such DAVs, it can give us useful in-
formation, including: (a) if the rate of period variation is
smaller than the threshold (P˙gl) which depend on the
geometrical limits of the star (in this our estimation,
P˙gl ≃ 0.88 × 10−15 s s−1), it could provide a lower limit
on σχ,e; (b) if P˙gl < P˙obs < P˙mod, it could provide a up-
per limit on σχ,e; (c) if P˙obs & P˙mod, it should exist some
other unknown cooling mechanism, like axions (see, e.g.,
[25, 28–30]).
This scenario can be implemented by high-precision
photometry from space mission such as HST, Kepler and
TESS in the near future.
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